Introduction
Gastric cancer (GC) represents the third most frequent cause of cancer-related deaths worldwide. 1 GC most commonly occurs in individuals aged 50-70 years. [2] [3] [4] [5] [6] [7] Previous reports [3] [4] [5] [6] [7] [8] have suggested that ~3.0%-8.0% of GC patients are diagnosed at a younger age. GC in young adults (GCYA) has consistently been reported [2] [3] [4] [5] [6] [7] [8] [9] [10] to have distinct clinicopathological features, such as female predominance, diffuse-type histology, and peritoneal metastasis. These studies have mainly focused on patients who had undergone gastrectomy with curative intent. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] The authors assessed patient demographics or prognoses, and compared them with those of more elderly patients. 2, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] However, to the best of our knowledge, the use of systemic chemotherapy for the treatment of advanced GCYA is yet to be evaluated. Fluoropyrimidine-platinum combination chemotherapy has been regarded as the standard treatment regimen for unresectable advanced or recurrent GC, based on the results of randomized controlled trials. 17, 18 However, because of its rarity, even in pivotal clinical trials, GCYA only accounts for a minority of cases. Therefore, the efficacy of standard systemic chemotherapy for GCYA has not been adequately evaluated in clinical trials.
Comprehensive molecular analysis by The Cancer Genome Atlas (TCGA) suggested that there are four molecular subtypes of advanced GCs. 19 Diffuse-type histology and tumors occurring at an earlier age are enriched in the genomically stable (GS) subtype. RHOA and CDH1 mutations have been identified as key molecular alterations of tumors of the GS subtype. 19 Recent molecular analysis of GCYA 20 has shown that there are significant differences in the frequency of RHOA and CDH1 mutations between young and elderly patients with diffuse-type GC. These findings might imply that GCYA has differences in the molecular background compared with GC in generally aged patients.
In this study, we investigated whether the distinct clinicopathological features of GCYA affect the outcome of systemic chemotherapy. First, we examined the initial and subsequent systemic chemotherapy regimens for GCYA. Second, focusing on patients who received S-1 plus cisplatin (SP) as a representative standard regimen, we evaluated the efficacy, safety, and feasibility of systemic chemotherapy.
Patients and methods Patients
The medical records of patients who received systemic chemotherapy between December 2005 and April 2016 at the Cancer Institute Hospital of the Japanese Foundation for Cancer Research (Tokyo, Japan) were reviewed. Patients who had histologically or cytologically confirmed unresectable advanced or recurrent gastric adenocarcinoma were selected. GCYA was classified in individuals who were <40 years of age at diagnosis. Clinicopathological characteristics (including age, sex, histological appearance of the biopsy sample [intestinal-or diffuse-type], macroscopic appearance of the biopsy sample [Borrmann type], laboratory data at the start of the initial chemotherapy, a family history of GC, and the number of metastatic sites) were evaluated. All participants provided written informed consent, and all data were fully de-identified. The study approval was waived by the Institutional Review Board of Cancer Institute Hospital of Japanese Foundation for Cancer Research because of the retrospective nature of the study. This study was conducted in accordance with the Helsinki Declaration.
Chemotherapy regimens
Chemotherapy regimens were determined at the physician's discretion. The preferred regimen for first-line treatment has changed over time. Following the SPIRITS trial, 17 SP became the standard regimen for first-line treatment. In 2011, the ToGA trial 21 demonstrated the efficacy of trastuzumab for treating HER2-positive GC. Since then, trastuzumab with capecitabine plus cisplatin has been administered to patients with HER2-positive GC. Recently, oxaliplatin has been approved for the treatment of unresectable advanced or recurrent GC in Japan. Since 2014, S-1 plus oxaliplatin (SOX) has commonly been used to treat patients with HER2-negative GC at our institution. The treatment schedule and dose were the same as those reported in pivotal clinical trials. 17, 18, 21 
statistical analyses
Overall survival (OS) and progression-free survival (PFS) were estimated using the Kaplan-Meier method and compared using the log-rank test. The cutoff date was May 29, 2018 . OS was calculated from the date of commencing chemotherapy to the date of death from any cause. PFS was calculated from the date of commencing chemotherapy to the first date of disease progression (determined by imaging or a clinical condition). For PFS, patients who were transferred to a different hospital for treatment and died without confirmation of disease progression were censored at the last documented evaluation. Multivariate analysis was performed using a Cox regression model. Covariates with a P<0.20 in the univariate analysis were included in the multivariate analysis. In patients with measurable lesions, the objective response rate (ORR) was calculated according to the Response Evaluation Criteria in Solid Tumors (version 1.1). 22 Adverse events were graded according to the Common Terminology Criteria for Adverse Events (version 4.0). All statistical analyses were conducted using EZR (Saitama Medical Center, Jichi Medical University, Saitama, Japan), a graphical user interface for R (The R Foundation for Statistical Computing, Vienna, Austria).
23 P<0.05 was considered statistically significant.
Results

Patient characteristics
In total, 1,184 consecutive patients received systemic chemotherapy as first-line treatment for unresectable advanced or recurrent gastric adenocarcinoma at our institution between 
First-line chemotherapy
Two patients relapsed during adjuvant chemotherapy. Therefore, 87 patients were analyzed to determine the efficacy of first-line chemotherapy for GCYA. Fifty-eight patients (66.7%) received fluoropyrimidine-platinum combination chemotherapy. The most commonly used regimen was SP (n=35). Eight patients received capecitabine and cisplatin as the mainstay cytotoxic chemotherapy with molecular targeted agents. Other combinations included: SOX (n=6); irinotecan and cisplatin (n=4); fluorouracil, leucovorin, and oxaliplatin (n=2); docetaxel, cisplatin, and S-1 (n=1); and S-1 and irinotecan (n=1). Thirty patients (34.5%) were treated with single-agent chemotherapy. Seven of the 30 patients who received monotherapy started treatment before the results of the SPIRITS trial 17 were published in 2007. Since SP has been regarded as the standard regimen for unresectable advanced or recurrent GC in Japan, patients intolerant to cisplatin and those having difficulty taking oral medication have only been treated with single agents, such as S-1 monotherapy (n=12), methotrexate and fluorouracil (n=4), fluorouracil plus folinic acid (n=3), and weekly paclitaxel (wPTX) (n=3) ( Table 2 ).
All patients had discontinued first-line treatment by the cutoff date, mainly due to disease progression (n=70; 80.5%). Of the 17 patients (19.5%) who discontinued firstline treatment without disease progression, three underwent conversion surgery, six requested treatment at another hospital before disease progression, and one initially treated with fluorouracil plus folinic acid switched to SP because of improved oral intake. Five patients completed first-line treatment with no detectable lesions on imaging after a longterm stable disease state. Two patients discontinued first-line treatment due to severe adverse events. who underwent R1 resection for positive cytology and R0 metastasectomy (n=3) were excluded. The patient demographics are summarized in Table 3 . More patients with good physical conditions were included in the SP group than in the entire cohort. At the data cutoff date of May 29, 2018 , all the patients were confirmed to be dead. The median follow-up was 13.2 months. The median OS and PFS were 13.2 (95.0% CI: 9.5-18.7) (Figure 1 ) and 5.6 (95.0% CI: 4.7-7.9) months (Figure 2 ), respectively. The 1-and 5-year OS rates were 59.4% (95.0% CI: 40.5-74.0) and 3.1% (95.0% CI: 0.2-13.7), respectively. No significant differences in OS were observed between patients receiving SP and other platinum-doublet regimens (log-rank test, P=0.448). However, there was a statistically significant difference in OS between patients treated with combination therapy (13.6 months, 95.0% CI: 11.7-18.7) and monotherapy (6.5 months, 95.0% CI: 4.1-7.4) (log-rank test, P<0.001). The ORR of the 15 patients with measurable lesions was 46.7%. In contrast, there was a significant difference in PFS between patients with Borrmann type 4 tumors and those with other types of tumor (log-rank test, P=0.024) (Figure 3 
Efficacy of SP for GCYA
Feasibility and tolerability of sP for gCYa
The median number of treatment cycles, relative dose intensity, and cumulative dose of cisplatin in patients treated with SP were 4.5 (range: 1-10), 92.0% IQR: 83.5-98.3), and 286.5 mg/m 2 (IQR: 172.5-367.5), respectively. The dose of S-1 was reduced in nine patients and that of cisplatin was reduced in eight patients. Approximately two-thirds of 
Discussion
GCYA has not been clearly defined. Different definitions of GCYA have been adopted by each trial. Some studies 2, 4, 5, 7, [9] [10] [11] [12] [13] [14] [15] [16] have suggested that GCYA applies to patients <40 years of age, while others 3, 6, 8 have suggested that it includes patients ≤45 years of age. A younger age criterion has also been suggested. 13 The male-to-female ratio, a distinct feature of GCYA, gradually changes from a female to a male predominance at ~40-45 years of age. 24 For that reason, we defined GCYA as tumors diagnosed at <40 years of age, thus enriching the patient population with distinct features of GCYA.
To the best of our knowledge, this is the first report evaluating the use of systemic chemotherapy for advanced GCYA. We have shown that approximately two-thirds of GCYA patients can receive platinum-doublet chemotherapy and that the clinical outcomes (OS, 13.2 months; PFS, 5.6 months; and ORR, 46.7%) are comparable to those of pivotal clinical trials. 17, 18 Standard chemotherapy for the general-aged GC patients may have similar efficacy for GCYA patients. With regard to the safety profile of the SP regimen, both severe adverse events and those of any grade were less frequently observed in young adults compared with previously reported results in the general population. 17, 18 Twenty-two patients (68.7%) did not experience any kind of severe adverse event. In the present study, the most common adverse event of Grade 3 or higher was neutropenia (15.6%) (less than half of the rates reported in pivotal clinical trials [SPIRITS, 40.0%; G-SOX, 41.8%]). The favorable general conditions and organ function of young adults may facilitate intensive treatment. Considering their physical advantages, the similar survival outcome to the general population was not satisfactory for us. In a subgroup analysis of the G-SOX study of elderly patients (n=99) aged ≥70 years, 25 the median number of treatment cycles, total dose, and relative dose intensity of cisplatin were 4.0 (IQR: 2.0-6.0), 180.0 mg/m 2 , and 79.0%, respectively. The median OS and PFS were 13.5 (95.0% CI: 11.2-17.9) and 5.5 (95.0% CI: 4.1-6.7) months, respectively. The treatment intensity of this study (4.5 courses, 286.5 mg/ m 2 , and 92.0%, respectively) was considerably higher than that of the G-SOX study. However, no significant differences in clinical outcomes were observed (OS, 13.2 months; PFS, 5.6 months). These findings suggest that GCYA may have a more aggressive tumor biology. CDH1 mutation could be a candidate gene alteration, resulting in tumor malignancy in GCYA patients. Comprehensive molecular analysis of diffuse-type GC demonstrated that the frequency of the somatic CDH1 mutation was higher in the early onset diffuse-type GC than in the late onset type. 20 Somatic CDH1 structural mutation is recognized as a prognosis factor in sporadic GC. However, patients with a CDH1 structural mutation more frequently had an intestinal-type histology than patients with an epigenetic mutation. 26 The combined data are insufficient to conclude that only CDH1 mutation may be responsible for the aggressiveness of GCYA. Further molecular analysis is therefore warranted. According to the TCGA analysis, microsatellite instability-high (MSI-H) tumors were enriched in elderly patients. As MSI-H GC is known to have a better prognosis, 27 this may be the reason for the relatively aggressive tumor biology of GCYA.
Subsequent treatment outcomes after first-line chemotherapy were worse than those of the general GC populations included in clinical trials. [28] [29] [30] The efficacy of taxane-based regimens in the present study (OS, 5.2 months; PFS, 1.8 months; and ORR, 5.3%) was poor and the proportion of patients receiving third-line chemotherapy was relatively low (38.4%) compared with the proportion of patients who were treated with wPTX in pivotal Japanese clinical trials. [28] [29] [30] Patients with diffuse-type GC tend to have peritoneal metastasis and it is difficult to evaluate peritoneal metastasis by CT. Most patients had ascites or some clinical symptoms caused by peritoneal metastasis after first-line chemotherapy. The patients' general condition at the start of second-line chemotherapy may affect the outcome of the subsequent chemotherapy. Early detection and control of tumor progression are important for improving the outcome of GCYA. Ramucirumab plus nab-paclitaxel is expected to be a promising treatment regimen for GCYA. Recently, published Phase II data 31 have shown that ramucirumab plus nab-paclitaxel produces a favorable ORR (54.8%) in the second-line treatment of advanced GC. However, the incidence of Grade 3 or higher neutropenia was exceedingly high (76.7%). As mentioned previously, GCYA patients are likely to have good bone marrow function and could tolerate this intensive regimen. Furthermore, in a subgroup analysis of the ABSOLUTE trial, 32 it has been reported that nab-paclitaxel has greater efficacy for peritoneal metastasis than paclitaxel. Most GCYA patients had diffuse-type histology. Therefore, disease control of peritoneal metastasis is important for improving outcomes after progression.
This study had several limitations. First, this study was conducted at a single Japanese institution. Owing to the small sample size, it was difficult to draw definitive conclusions from the data. However, considering the rarity of GCYA, 
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systemic chemotherapy for gastric cancer in young adults this was a relatively large-scale study. Furthermore, the clinical outcomes of the patients in this study are consistent with those of previous studies of SP. 17, 18 Second, the clinical outcomes of patients in pivotal clinical trials were used as the control data. In general, patients enrolled in clinical trials represent a selective population with good major organ function and few complications. Patients, especially those treated with SP, may be comparable to those enrolled in clinical trials. Third, trastuzumab is the standard molecular targeting agent for HER2-positive advanced GC. The HER2 status of 17 patients (53.1%) was not examined because first-line chemotherapy was started before the approval of trastuzumab. However, considering the histology of GCYA, few HER2-positive tumors were expected in our cohort. In fact, all 15 patients who were examined had a negative HER2 status. Finally, all patients in this study were Japanese and mainly received S-1-based chemotherapy. There are several differences in the treatment strategy, surgical method, cancer stage, etiology, and clinical outcome between GC in eastern and western countries. 33 Moreover, some investigators showed that GC in western countries is biologically different from that in eastern countries. 34 Interestingly, however, the unique clinicopathological features of GCYA in sex and histology were commonly reported in both eastern 2,4-7,9,10,12 and western countries. 3, 8, 11 A comprehensive molecular analysis of GCYA was recently published from South Korea. 20 In this study, there were only two patients <40 years of age in the TCGA stomach cohort and they were from Vietnam. Thus, the molecular background of GCYA in western countries remains unknown. Furthermore, S-1 is one of the key agents for the treatment of GC in East Asia but is not used globally. In our study, there was no significant difference in the clinical outcome between patients treated with SP and other combination chemotherapies. Therefore, our results could be, to some extent, applicable for GCYA patients outside of Japan.
According to the analysis of TCGA GC data, GS tumors represent the most common type of GCYA. GS tumors have few actionable genomic features, such as driver mutations, copy number alterations of receptor tyrosine kinases, and mutation burden. 19 GS tumors are not considered to be good candidates for existing molecularly targeted agents or immune checkpoint inhibitors. Different approaches are needed to develop a novel target therapy for GCYA.
Conclusion
Standard chemotherapy for general-aged GC patients has similar efficacy, reduced toxicity, and higher intensity for GCYA.
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